Introduction {#s1}
============

Alzheimer\'s disease (AD) is the most common cause of dementia clinically characterized by the progressive decline of memory. At the histopathological level two main hallmarks define it: the abnormal extracellular accumulation of amyloid-β peptide (Aβ) into neuritic plaques and the formation of intraneuronal neurofibrillary tangles (NFTs) composed by posttranslational modified tau protein. These pathological markers are mainly located in hippocampus and cortical regions (Selkoe, [@B45]; Ballard et al., [@B5]) and are accompanied by synaptic loss early in the disease, which constitutes the major morphological correlate of memory decline (Terry et al., [@B52]; Dekosky et al., [@B12]). AD is the major neurodegenerative disorder in the elderly; the prevalence of the disease increases with age, thus aging constitutes the main risk factor (World Alzheimer Report, ADI, 2009). Two recognized forms of the disease include the sporadic AD (SAD) and the familial AD (FAD). SAD accounts for more than 99% of total cases and is characterized by a late-onset of symptomatology, whereas FAD is an early-onset form of the disease associated with mutations in three genes encoding for the amyloid precursor protein (APP), presenilin 1 (PS1), and presenilin 2 (PS2) transmitted in an autosomal dominant pattern (Goate et al., [@B18]; Levy-Lahad et al., [@B31]; Rogaev et al., [@B43]; Sherrington et al., [@B48]).

Currently, amyloid-imaging positron emission tomography (PET) through the Pittsburgh Compound-B (PIB) tracer is the best tool for identifying amyloid deposits in patients (Klunk et al., [@B27]; Alkalay et al., [@B2]). However, a definitive diagnosis of AD can only be achieved after *post mortem* histopathological verification. Therefore, the development of sensitive and specific non-invasive methods to detect molecular markers or to best predict the disease progression is crucial. Among different prospects of a blood-based biomarker, the finding that circulating microRNAs (miRNAs) derived from different types of cells can be detected, make possible their use as non-invasive markers of brain dysfunction. miRNAs are small non-coding RNAs of 22--25 nucleotides length that posttrancriptionally regulate the level of many proteins via mRNA silencing or degradation (Bartel, [@B6]; Fabian and Sonenberg, [@B14]; Ameres and Zamore, [@B3]). They travel through blood within specialized vesicles known as exosomes, associated with protein complexes or into high density lipoproteins as well (Valadi et al., [@B54]; Arroyo et al., [@B4]; Vickers et al., [@B55]). Because endogenous miRNAs are protected in circulation, they are highly stable and their levels can be analyzed by conventional techniques of molecular biology through which changes in circulating miRNA levels have been associated with diverse pathologies (Chen et al., [@B10]; Lawrie et al., [@B29]; Mitchell et al., [@B37]).

Analysis of miRNA profiles in *post mortem* brain and cerebrospinal fluid (CSF) samples of AD patients have revealed changes in miRNA levels associated to the disease (Lukiw, [@B34]; Cogswell et al., [@B11]; Hébert et al., [@B21]; Wang et al., [@B58], [@B57]; Nunez-Iglesias et al., [@B39]; Alexandrov et al., [@B1]; Müller et al., [@B38]). Recent studies performed in plasma samples of potential AD cases suggest the possibility of finding differences between circulating miRNA levels of AD cases and control subjects (Geekiyanage et al., [@B16]; Kumar et al., [@B28]; Leidinger et al., [@B30]; Tan et al., [@B51]; Burgos et al., [@B9]; Kiko et al., [@B25]). In this regard, studies have aimed at analyzing miRNA levels at a single time-point, which may limit their use as biomarkers or as disease predictors. The possibility to evaluate circulating miRNA levels at different time-points in the progression of the disease could provide information regarding key physiopathological features of AD and could contribute in establishing early blood-based molecular biomarkers for the disease. Analyzing miRNA levels in blood samples from patients at an early time-point is hampered by the fact that symptoms do not develop until the disease is at an advanced stage. Thus, in this study we used the triple transgenic mouse model (3xTg-AD) which reproduces the age-dependent progress of amyloid pathology and develops the tauopathy similar to that found in AD (Oddo et al., [@B40]). In order to evaluate specific miRNA levels in plasma samples at different time-points of the evolution of the AD-like pathology, we performed multiplex qRT-PCR and compared the levels from 3xTg-AD and WT mice of 84 miRNAs previously associated to central nervous system (CNS) development (Giraldez et al., [@B17]; Yoo et al., [@B60]; Zhao et al., [@B61]; Edbauer et al., [@B13]) and diseases such as schizophrenia (Beveridge et al., [@B7]), Huntington disease (Johnson et al., [@B23]), Parkinson disease (Kim et al., [@B26]; Wang et al., [@B56]), and AD.

No significant differences in circulating miRNA levels were detected between 3xTg-AD and WT young mice. However, age-related significant changes in the abundance of certain plasmatic miRNAs were observed in both WT and transgenic mice. Interestingly, some of the miRNAs that changed were specific for the 3xTg-AD. In agreement, variations in the abundance of particular miRNAs were identified between WT and transgenic old mice thus suggesting that the age-dependent evolution of AD-like pathology, rather than the presence and expression of human transgenes, modifies the circulating miRNA profile in the 3xTg-AD mice.

Materials and methods {#s2}
=====================

Animals
-------

Homozygous 3xTg-AD developed by Oddo et al. ([@B40]) (*n* = 14) and wild-type (WT) (*n* = 13) male mice (strain 129/C57BL6) were used in the study. For developing the transgenic mice, human APP cDNA harboring the Swedish double mutation (KM670/671NL) and human tau cDNA harboring the P301L mutation were cloned into Thy1.2 expression cassette and co-microinjected into single-cells embryos harvested from homozygous PS1*~M146V~* knockin (KI) mice generated as a hybrid 129/C57BL6 background. For this study, all used 3xTg-AD mice were genotyped by identifying the three harbored human transgenes (Supplementary Figure [1](#SM2){ref-type="supplementary-material"}). Brains from four 3xTg-AD male mice 2--3 (*n* = 2) and 14--15 (*n* = 2) months old were used for immunohistochemical analysis. Determination of circulating miRNA profiles included blood samples from six-seven animals per group and a total of four experimental groups were integrated: 2--3 months old-3xTg-AD mice (*n* = 6), 2--3 months old-WT mice (*n* = 6), 14--15 months old-3xTg-AD (*n* = 6), and 14--15 months old-WT mice (*n* = 7). The experiments were performed in accordance with local government rules and the Society for Neuroscience Guide for the Care and Use of Laboratory Animals with approval of the Animal Care Committee of the Instituto de Investigaciones Biomedicas, UNAM. Efforts were made to minimize animal suffering and to reduce the number of subjects used.

Genotyping
----------

Genomic DNA was isolated from the 3xTg-AD mice tails (2--3 mm) by the *Hot-Shot* method. Tail samples were homogenized with alkaline lysis reagent (25 mM NaOH, 0.2 mM EDTA, pH 12) through mechanical action and incubated during 1 h at 95°C. Tris-HCl buffer (40 mM, pH 5) was added to each sample for neutralization (pH 7.5). Samples were centrifuged during 2 min at 12 500 rpm, 4°C, and the supernatant was used for PCR amplification. Human APP~Swe~ and tau~P301L~ transgenes were identified through their amplification products of 500 bp and 320 bp, respectively into a 2% agarose gel stained with ethidium bromide. The primers used for APP-tau PCR were 5tauRev (5′-TCCAAAGTTCACCTGATAGT-3′), APPinternal (5′-GCTTGCACCAGTTCTGGATGG-3′) and Thy12.4 (5′-GAGGTATTCAGTCATGTGCT-3′). PS1~M146V~ KI was detected by a PCR using the PS1-K13 (5′-CACACGCACACTCTGACATGCACAGGC-3′) and PS1-K15 (5′-AGGCAGGAAGATCACGTGTTCCAAGTAC-3′) primers, followed by an enzymatic digestion (1 h, 60°C) with endonuclease BstEII (New England Biolabs). Products were separated into a 2% agarose gel, and identified as a 530 bp band from WT PS1, or 350 bp and 180 bp bands from mutation carriers PS1.

Immunohistochemistry
--------------------

3xTg-AD mice (*n* = 4) were anesthetized with sodium pentobarbital and transcardially perfused with 0.9% chilled saline followed by 4% chilled formaldehyde in 0.1 M phosphate buffer (pH 7.4). Brains were extracted and post-fixed during 24 h at 4°C. Subsequently, brains were transferred to 15 and 30% sucrose solutions in 0.1 M phosphate buffer for 24 h in each concentration. 30 μm-thick coronal sections were obtained in a cryostat (Microm HM550, Thermo Scientific). Free-floating sections were collected in 24-well plates (Corning) and were washed for 10, 15, and 30 min with 0.15 M PBS and 0.4% PBS-triton solutions. They were then incubated in blocking solution (0.4% PBS-triton, 3% NGS) during 2 h at room temperature, followed by an overnight incubation at 4°C with 1:500 dilution of the primary antibody, either the MAB1560 6E10 clone (Chemicon) which recognizes aminoacids 1--17 from human Aβ peptide, or the MN1020 α-p-PHF-tau AT8 clone (Pierce, Thermo Scientific) which recognizes phosphorylated serine 202 and threonine 205 from human tau protein. Sections were washed as previously detailed and were then incubated in a 1:250 dilution of the secondary α-mouse antibody, either Alexa-488 or Alexa-555 for 2 h at room temperature. Finally, sections were washed for 10, 15, and 30 min in 0.15 M PBS, incubated for 3 min in 30 nM DAPI, and washed again. Immunofluorescence was detected using a Zeiss epifluorescence microscope under 10X and 60X.

Determination of circulating miRNA levels
-----------------------------------------

### Plasma collection

Blood samples were collected from 3xTg-AD and WT mice at 2--3 and 14--15 months of age. \~500 μL of blood were obtained from the facial vein of each mouse and collected into a new and sterile 1.5 mL centrifuge tube containing 10 μL of 300 mM EDTA used as anticoagulant. Plasma was separated through two centrifugations, one at low (3000 rpm) and another at high (13,000 rpm) speed, both at 4°C for 10 min. For determining circulating miRNA profiles, equal volumes of plasma samples from two mice within the same experimental group were pooled after plasma separation and a total of three different pools per experimental group were included in the analysis. Pooled samples were stored in ice and immediately treated following the RNA isolation protocol.

### RNA isolation

RNA was isolated from each pool using the miRNeasy Serum/Plasma Kit (Qiagen) following the manufacturer instructions. Briefly, 200 μL of pooled plasma were homogenized with 1000 μL of Qiazol Lysis Reagent. After homogenization, 3.5 μL of a 1.6 × 10^8^ copies/μL solution of the *C. elegans* miR-39 miRNA mimic used as a spike-in control were added to each sample. Then, a phenol-chloroform extraction was performed by incubating the sample in 200 μL of chloroform for 5 min at room temperature and centrifuging for 15 min at 12,000 rpm at 4°C. The aqueous phase was mixed with 1.5 volumes of 100% ethanol and passed through the RNeasy MinElute spin column. The RNA retained in the membrane was washed with buffer solutions, 80% ethanol and eluted in 14 μL of RNase free water. RNA samples were stored in ice and immediately treated for qRT-PCR protocols.

### qRT-PCR

miRNA levels from plasma of 3xTg-AD and WT mice 2--3 and 14--15 months old were determined using the miScript miRNA PCR Array System (Qiagen). The System consists in three different kits: the miScript II RT Kit which performs the cDNA synthesis, the miScript SYBR Green PCR Kit which prepares the mix for qPCR reactions, and the Pathway-Focused miScript miRNA PCR Array "Neurological Development and Disease" which detects 84 different miRNAs previously associated with CNS development and disease. For the cDNA synthesis, 1.5 μL of RNA isolated from plasma were used as the starting material of a 20 μL-reaction that consists of a universal synthesis driven by the addition of a poly-A tail and an oligo-dT that selectively retrotranscribes the small RNA molecules (\<100 nucleotides) avoiding the retrotranscription of miRNA precursors. The reaction was incubated for 1 h at 37°C followed by a 5 min-incubation at 95°C to inactivate the RTase enzyme. cDNA from each sample was diluted by adding 200 μL of RNase free water and stored at −20°C overnight. After thawing the cDNA on ice, 100 μL of sample were added to the qPCR reaction mix using SYBR Green as a detector. 20 μL of qPCR reaction mix were added to each well of the array. The multiplex qPCR was performed using the Rotor Gene 6000 under the following conditions: pre-incubation for 15 min at 95°C, 40 denaturation-alignment-elongation (15 s at 94°C, 30 s at 55°C, and 30 s at 70°C) cycles and a dissociation melt protocol.

Data analysis
-------------

Data were analyzed using the ΔΔCt (2^−ΔCt^) method of relative quantification with the support of the data analysis software for miScript miRNA PCR Arrays available for users at <http://pcrdataanalysis.sabiosciences.com/mirna>. The settings were manually fixed at 10 cycles of baseline and 0.02 of threshold line across all PCR runs. The software calculated the ΔCt value between the threshold cycle value (Ct) of each miRNA and the Ct of the *C. elegans* miR-39 miRNA mimic spike-in control used for normalization. The software also calculated the (2^−ΔCt^) value of each miRNA between arrays from different experimental groups. Each experimental group consisted of three samples (*n* = 3) and each sample contained the pooled plasma from two animals. The mean of the relative abundance ± SD of each miRNA contained in the samples (*n* = 3) was calculated. The statistical significance between miRNAs was determined by a *t*-test. A dissociation curve analysis was performed to guarantee the presence of only one PCR product.

Results {#s3}
=======

In order to detect possible variations in the circulating miRNA profiles related to the AD-like pathology present in the 3xTg-AD transgenic mice, we evaluated the levels of 84 miRNAs previously associated to CNS development and disease in plasma samples of 3xTg-AD and WT mice 2--3 and 14--15 months old. As previously shown (Oddo et al., [@B40]), these two time-points represent different stages of evolution of the pathological features in the 3xTg-AD mice: at 2--3 months old, histopathological markers are not evidently expressed in the hippocampus whereas at 14--15 months old they become clear in cortical and hippocampal regions. The 2--3 month old-3xTg-AD mice express human transgenes; nevertheless at this time-point we did not find extracellular amyloid aggregates in the hippocampus and scarce phospho-tau (p-tau) immunoreactivity for AT8 was observed (Figure [1A](#F1){ref-type="fig"}). As previously reported (Oddo et al., [@B40]) we found that the 14--15 month old-3xTg-AD mice display extracellular amyloid aggregates. Also, neuronal somata and processes were strongly immunopositive for p-tau in AD relevant residues (Figure [1B](#F1){ref-type="fig"}).

![**Development of AD-like histopathological features in the 3xTg-AD**. Brain coronal sections from the hippocampal CA1 field of 3x-Tg-AD mice. **(A)** Two- to three-month-old mice sections show Aβ (green) and p-tau (red) human transgene expression. Bottom panels correspond to magnifications of delineated regions in top images; arrows point at Aβ (left) and p-tau (right) immunostaining with no evidence of AD-like histopathological features. **(B)** Fourteen- to fifteen-month-old mice sections show extracellular aggregates of Aβ (green) and neuronal processes containing p-tau (red). Bottom panels correspond to magnifications of delineated regions in top images; arrowheads point at features indicative of the presence of AD histopathological hallmarks. Scale bars in **(A)** and **(B)**: 100 μm (top images) and 20 μm (bottom images).](fncel-09-00053-g0001){#F1}

Abundance of CNS development- and disease-linked miRNAs in mouse plasma
-----------------------------------------------------------------------

Most of the 84 evaluated miRNAs were detected in mice plasma from all analyzed groups (Supplementary Tables [1--4](#SM1){ref-type="supplementary-material"}). Highly abundant detected miRNAs belong to the let-7 family, miR-15 family, miR-30 family, miR-24-27 cluster, miR-29 cluster, miR-17-92 cluster and its paralogs miR-106a-363 and miR-106b-25 that are characterized by their presence in multiple cell lineages as well as by their role in fundamental cellular processes. We found a group of less or not detected miRNAs such as miR-135b, miR-302a/b, miR-488, and miR-9. The plasmatic abundance of detected miRNAs was compared between groups. No significant differences were observed in the circulating miRNA profile from 2--3 months-old 3xTg-AD mice when compared to the age-matched WT group (Supplementary Table [1](#SM1){ref-type="supplementary-material"}).

When comparing the circulating miRNA profile between the young and the old mice for both WT and 3xTg-AD, we found that aging associated with changes in the plasmatic levels of a group of miRNAs. We detected significant differences in the levels of 33 miRNAs when comparing old vs. young WT mice and in 40 miRNAs when comparing old vs. young 3xTg-AD mice; 19 of these miRNAs were common to both comparisons (Figure [2](#F2){ref-type="fig"}, Supplementary Tables [2,3](#SM1){ref-type="supplementary-material"}). These overlapping miRNAs include family members of let-7, miR-30, miR-17-92 cluster and its paralogs. When comparing young vs. old 3xTg-AD mice, we identified a particular group of miRNAs integrated by miR-132, miR-138, miR-146a, miR-146b, miR-22, miR-24, miR-29a, miR-29c, and miR-34a which show significant differences in plasma levels only in the transgenic group, raising the possibility of age-related changes that specifically occur in the 3xTg-AD mice (Figure [3](#F3){ref-type="fig"}, Supplementary Table [3](#SM1){ref-type="supplementary-material"}).

![**Significant age-related changes in plasmatic miRNAs in WT and 3x-Tg-AD analyzed by qRT-PCR. (A)** The Venn diagram depicts the number of miRNAs showing statistically different plasma levels between young and old mice in WT (33 miRNAs, in light gray) and in 3xTg-AD mice (40 miRNAs, in black) as shown by a *t*-test; *p* \< 0.05. From these miRNAs, 19 are common to both comparisons (dark gray). **(B)** Relative abundance among groups of each of the 19 matching miRNAs. Relative abundance was calculated considering the difference of the Ct of each miRNA and the Ct of the miR-39 of *C. elegans* mimic (ΔCt) using the formula 2^-ΔCt^. miR-39 from *C. elegans* was used as spike-in control in all qRT-PCR experiments. Only miRNAs that showed statistical differences when comparing young and old WT or Tg subjects are shown in the graph; *t*-test; *p* \< 0.05.](fncel-09-00053-g0002){#F2}

![**Significant age-dependent changes in plasmatic miRNAs in the 3xTg-AD analyzed by qRT-PCR**. The graph depicts the relative abundance (mean ± SD) of each one of the miRNAs that show statistically significant differences (*t*-test; *p* \< 0.05) in plasma levels between the 2--3 and the 14--15 months-old 3xTg-AD mice. Relative abundances were calculated with the difference of the Ct of each miRNA and the Ct of the miR-39 of *C. elegans* mimics (ΔCt) using the formula 2^-ΔCt^. Determination of circulating miRNA profiles included plasma samples from six-seven animals per group and a total of four experimental groups were integrated: 2--3 months old-3xTg-AD mice (*n* = 3), 2--3 months old-WT mice (*n* = 3), 14--15 months old-3xTg-AD (*n* = 3), and 14--15 months old-WT mice (*n* = 3) (*n* = samples).](fncel-09-00053-g0003){#F3}

Pathology-related changes in the relative abundance of plasmatic miRNAs
-----------------------------------------------------------------------

When comparing the plasma of 14--15 months old 3xTg-AD mice vs. age-matched WT mice, we detected a significant lower abundance of miR-132, miR-138, miR-139, miR-146a, miR-146b, miR-22, miR-24, miR-29a, and miR-29c as well as a higher abundance of miR-346 (Figure [4](#F4){ref-type="fig"}, Supplementary Table [4](#SM1){ref-type="supplementary-material"}). This finding suggests that the relative abundance of these miRNAs was altered specifically in the 3xTg-AD mice only at age 14--15 months since they were not altered at 2--3 months of age. These results correlate with the appearance of the histopathological features (Figure [1](#F1){ref-type="fig"}).

![**Significant differences in the abundance of plasmatic miRNAs between aging groups analyzed by qRT-PCR**. The graph depicts the relative abundance (mean ± SD) of each one of the miRNAs that show statistically significant differences (*t*-test; *p* \< 0.05) in plasma levels between 14--15 months-old WT and 3xTg-AD mice. Relative abundances were calculated with the difference of the Ct of each miRNA and the Ct of the miR-39 of *C. elegans* mimics (ΔCt) using the formula 2^-ΔCt^. Determination of circulating miRNA profiles included plasma samples from six-seven animals per group and a total of four experimental groups were integrated: 2--3 months old-3xTg-AD mice (*n* = 3), 2--3 months old-WT mice (*n* = 3), 14--15 months old-3xTg-AD (*n* = 3), and 14--15 months old-WT mice (*n* = 3) (*n* = samples).](fncel-09-00053-g0004){#F4}

Discussion {#s4}
==========

AD is a neurodegenerative disorder highly related to aging that exhibits progressive manifestations at both clinical and histopathological levels. The evolution of AD neuropathological features in the 3xTg-AD is also age-dependent (Oddo et al., [@B40]). In this work, we evaluated the levels of circulating miRNAs in four groups of animals: young WT; young 3xTg-AD; old WT and; old 3xTg-AD. For this purpose, we pooled plasma from two different animals from the same group and conformed three samples per group. Obtaining sufficient plasma for miRNA isolation can be problematic with young animals and getting sufficient animals with the triple transgene is difficult especially with old animals, since their health declines rapidly and mortality increases. Pooling the samples on the one hand, may pose a limitation given that each sample contains plasma from two different animals. But on the other hand, this design allowed us to avoid the bias from changes in circulating miRNAs associated to each individual. Even when the 3xTg-AD already bears the pathological transgenes, we did not find changes in the circulating miRNA profile between WT and 3xTg-AD young mice. This suggests that the presence of the transgenes is not sufficient to modify the circulating levels of miRNAs at early stages of the pathology. Nevertheless, we found age-related changes in the plasmatic abundance of certain miRNAs in both WT and 3xTg-AD mice. Remarkably we found changes in specific circulating miRNAs in the aging AD model. In agreement with other studies (Grillari et al., [@B19]; Kato et al., [@B24]; Martinez et al., [@B36]) we found a decrease in abundance of members of the family of let-7, miR-30, miR-17-92 cluster and its paralogs miR-106a-363 and miR-106b-25 in WT and 3x-Tg-AD aged mice. Let-7 family is highly involved in developmental processes in multiple species; it is required for cell differentiation thus its levels increase in late developmental stages and remain high in the adult (Thomson et al., [@B53]). Accordingly, let-7 family members target important cell cycle molecules (Schultz et al., [@B44]). miR-17-92 cluster and its paralogs are other important cell cycle modulators; interestingly, they are up-regulated in cancer and suppression of these clusters\' members induce cell growth arrest in cancer models, whereas they are down-regulated in aging and their overexpression induces cellular senescence (Grillari et al., [@B19]).

In addition, we found some miRNAs involved with an inflammatory response such as miR-146a and miR-146b that display altered levels in plasma of both groups of old mice. This is particularly relevant considering that it has been established that inflammation is a condition closely related to the aging process. miR-146a and 146b are NF-κ B sensitive-miRNAs that suppress the immune response by inhibiting the pro-inflamatory immune cell signaling (Taganov et al., [@B50]). Interestingly, miR-146a displays a higher abundance in the 14--15-month old WT and a lower abundance in the 14--15-month 3xTg-AD as compared to their respective group of young mice. These bidirectional modulation agrees with recent data indicating that miR-146a is elevated in senescence models (Olivieri et al., [@B41]; Rippo et al., [@B42]), while it is decreased in AD (Kiko et al., [@B25]; Müller et al., [@B38]). A similar case is miR-34a, which is present with lower abundance in the 14--15-month 3xTg-AD mice as compared to the 2--3-month 3xTg-AD while showing a trend to increase with age in the WT. Higher levels of this miRNA are found in the brain, blood cells and plasma of old mice (Li et al., [@B32]) but the loss of miR-34a induces neurodegenerative phenotypes in *Drosophila*, and its overexpression induces longevity (Liu et al., [@B33]). Remarkably, lower levels of miR-34a have been reported in AD cases (Kiko et al., [@B25]; Müller et al., [@B38]).

Thus, it is evident that the age-dependent evolution of AD-like pathology produces specific changes in the circulating miRNA profile of the 3xTg-AD mice. As a consequence, we identified differences in the abundance of 10 miRNAs when comparing plasma samples of the 14--15- month 3xTg-AD with the 14--15-month WT mice. Most of the alterations observed in the aged 3xTg-AD mice consist on the reduction of plasmatic miRNAs levels as compared to the aged WT. This is in agreement with previous reports from brain, CSF and serum/plasma samples of AD patients where miR-15, miR-29, miR-101, miR-106, miR-107, and miR-181 have been shown to be diminished (Cogswell et al., [@B11]; Hébert et al., [@B21]; Wang et al., [@B58], [@B57]; Geekiyanage and Chan, [@B15]; Geekiyanage et al., [@B16]; Kumar et al., [@B28]; Tan et al., [@B51]; Burgos et al., [@B9]; Kiko et al., [@B25]).

Some of the 10 AD-like pathology-related miRNAs identified in this study have been previously associated with AD in different studies (Table [1](#T1){ref-type="table"}). For instance, the miR-29 cluster is decreased in brain samples of AD patients, which correlates with an increase of the levels of the β-sercretase protein. Furthermore, members of this cluster have been shown to regulate the levels of the β-secretase *in vitro* (Hébert et al., [@B21]). Levels of miR-146a and miR-146b have been reported diminished in brain, CFS and plasma of AD patients (Cogswell et al., [@B11]; Kiko et al., [@B25]; Müller et al., [@B38]). These miRNAs are related to the inflammatory response, and may constitute an interesting result since neuroinflammation is a prevalent and early pathological feature of AD (Lukiw et al., [@B35]). In agreement with our results, lower levels of miR-132, miR-138 y miR-139 have been reported in AD brain and CFS samples (Cogswell et al., [@B11]; Burgos et al., [@B9]). miR-132 has been reported to have an anti-inflammatory effect, blocking acetylcholinesterase, elevating acetylcholine levels and consequently blocking NF-kB (Shaked et al., [@B47]). In neurons, miR-132 and miR-138 are expressed in response to synaptic activity and have a role in the modulation of morphologic events of neuroplasticity taking place in memory and cognition processes (Wayman et al., [@B59]; Siegel et al., [@B49]; Edbauer et al., [@B13]; Impey et al., [@B22]; Hansen et al., [@B20]; Bicker et al., [@B8]). Synapses represent vulnerable structures in AD and several pathologic molecular events take place in these sites comprising their function (Selkoe, [@B46]). Since memory and cognition are highly impaired in AD, the lower abundance of miR-132 and miR-138 result very interesting for analyzing the evolution of AD at a molecular level. It would be therefore interesting to determine changes in plasmatic miRNAs with the status of patients already showing mild cognitive impairment in order to advance the early diagnosis of AD.

###### 

**AD-like pathology-related miRNAs identified in this study and previously associated with AD**.

  **This study**   **Previous studies**                                                                                             
  ---------------- --------------------------------------------------------- --- ---------------- ---- ---------------------------- --------------
  miR-132          Plasma of 3xTg-AD and WT mice of 2--3 and 14--15 months   −   AD brain         −    Cogswell et al., [@B11]      p250-GAP
                                                                                 AD neocortex     −    Hébert et al., [@B21a]       
                                                                                 AD CSF           −    Burgos et al., [@B9]         
  miR-138                                                                    −   AD CSF           −    Burgos et al., [@B9]         APT1
  miR-139                                                                    −   AD CSF           −    Burgos et al., [@B9]         
  miR-146a                                                                   −   AD CSF/plasma    −    Kiko et al., [@B25]          IRAK-1 TRAF6
                                                                                 AD CFS           −    Müller et al., [@B38]        
                                                                                 AD hippocampus   ±                                 
  miR-146b                                                                   −   AD CSF           −    Cogswell et al., [@B11]      
                                                                                 AD brain         −                                 
  miR-29a                                                                    −   AD cortex        −    Hébert et al., [@B21]        BACE1
                                                                                 AD serum         −    Geekiyanage et al., [@B16]   
                                                                                 AD CSF           \+   Kiko et al., [@B25]          
  miR-29c                                                                    −   AD cortex        −    Hébert et al., [@B21]        

*The table contains data obtained from this study (left) and collected from others (right). It indicates the miRNA, the sample used for determination, the abundance respect to the control cases and the reference of the other studies. It also contains the mRNA-target for the miRNA: p250-GAP, a brain-enriched GTPase-activating protein for Rho Family GTPases involved in the N-Methyl-d-aspartate receptor (NMDAR) signaling; APT1, acyl protein thioesterase 1, an enzyme regulating the palmitoylation status of proteins that are known to function at the synapse; IRAK1, interleukin-1 receptor-associated kinase 1, a kinase that associates with the interleukin-1 receptor upon stimulation which is responsible for interleukin-1 transcription of NFkB; TRAF6, TNF receptor associated factor 6 involved in the regulation of inflammation response and apoptosis; BACE1, β-secretase, a protease that cleaves the APP in the β site to produce the Aβ peptide in the amyloidogenic APP processing*.

In this work we used a pre-designed miRNA microarray platform, which included a restricted number of miRNAs previously associated to different neuropathologies. Other miRNAs not included in this design may be associated also to AD. However, and since to our knowledge this is the first study of circulating miRNAs in this transgenic model, we decided to incorporate miRNAs that have been already associated to several neuropathologies. It is clear that given the multifactorial nature of the disease, it is likely that not only a single biomarker will meet the needs for clinical diagnosis. Here we propose that a relative simple, non-invasive procedure may provide useful information about the AD pathophysiology, detection, and evolution. Thus, combining a panel of miRNA detection with additional biomarkers may increase the sensitivity and specificity for early AD diagnosis.

Conclusion {#s5}
==========

The aim of this study was to identify changes in the circulating miRNA profile of a transgenic mouse model of AD in two different stages of the evolution of AD-like pathology. Using these two time-windows it was not possible to detect early modifications in miRNA levels associated with prodromal AD. However, we distinguish variations in different miRNAs once the AD-like pathology is established which advances the molecular biomarkers field. Most of the miRNAs we found as potentially interesting biomarkers for AD have no identified targets that may be assoiciated to the disease and their role in the pathological mechanisms taking place in AD remains unknown. Our results however shed light on subtle molecular modifications associated to pathological aging and open new venues for studying the role of particular circulating miRNAs in the evolution of AD.
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